How evolutionary novelties have arisen is one of the central questions in evolutionary biology. Pre-existing gene regulatory networks or signaling pathways have been shown to be co-opted for building novel traits in several organisms. However, the structure of entire gene regulatory networks and evolutionary events of gene co-option for emergence of a novel trait are poorly understood. In this study, we used a novel wing pigmentation pattern of the polka-dotted fruit fly, and identified the complete set of genes for pigmentation pattern formation by de novo genome sequencing and transcriptome analyses. In pigmentation areas of wings, 151 genes were positively or negatively regulated by wingless, a master regulator of wing pigmentation. Genes for neural development, Wnt signaling, Dpp signaling, Zinc finger transcription factors, and effectors (such as enzymes) for melanin pigmentation were included among these 151 genes. None of the known regulatory genes that regulate pigmentation pattern formation in other fruit fly species were included. Our results suggest that the novel pigmentation pattern of the polka-dotted fruit fly emerged through multi-step co-options of multiple gene regulatory networks, signaling pathways, and effector genes, rather than recruitment of one large gene circuit.
Introduction
How do evolutionary novelties emerge? Researchers have tried to unravel the developmental genetic program underlying traits in order to clarify the origins of evolutionary novelty [1] . Gene regulatory networks for producing novel traits have been supposed to be composed of a combination of genes forming other traits. One of the most significant current discussions regarding the production of evolutionary novelty is how pre-existing regulatory networks were utilized for this production [1, 2] . So far, gene regulatory networks or signaling pathways involved in development of novel traits have been scrutinized in several animals. For example, in a horned dung beetle, limb and wing patterning genes are co-opted for horn formation [3, 4] .
In Nymphalid butterflies, components of the appendage-patterning gene regulatory network, such as Distal-less, wingless, and decapentaplegic signaling, contributed to development of eyespot, another representative novel trait [5] [6] [7] [8] [9] [10] . In the fruit fly Drosophila melanogaster, it was shown experimentally that the gene regulatory network for larval posterior spiracle development was re-used for the posterior lobe, a novel trait observed in male genitalia [11] . Many studies have shown or suggested which gene regulatory networks or signaling pathways are necessary for, or involved in, development of novel traits. However, the structure of entire gene regulatory networks and evolutionary events of gene co-option for emergence of a novel trait are poorly understood.
Fruit fly species have been used to study regulatory evolution of pigmentation pattern, and provided many examples of mechanisms underlying phenotypic evolution [12] [13] [14] . In the polka-dotted fruit fly (Drosophila guttifera), which has a novel polkadotted pigmentation pattern on the wings, a melanin synthesis gene, yellow, was expressed in the polka-dotted pattern [15] [16] [17] . A Wnt signaling gene, wingless, was expressed in the centers of pigmentation areas, and positively regulated the expression of yellow through an enhancer ( Fig. 1a , c, e) [15, 16] . Ectopic expression of wingless induced ectopic wing pigmentation ( Fig. 1b, d) [16] . The unique expression pattern of wingless seemed to be caused by evolutionary gain of novel enhancer activities [18, 19] . In Drosophila melanogaster, however, there is no pigmentation around crossveins where wingless is expressed. If we assume the ancestral species had wingless expression and no pigmentation as in D. melanogaster, gain of novel expression pattern of wingless alone is not sufficient, for emergence of pigmentation pattern [16] . Also, expression of the melanin synthesis gene yellow is not sufficient to induce pigmentation in the Drosophila melanogaster wing [15, 20] , indicating that expression changes of multiple genes were required for the evolution of pigmentation. Therefore, exploring the complete set of genes involved in pigmentation pattern formation, which include both regulatory and effector genes, is necessary for understanding emergence of the novel wing pigmentation pattern.
In this study, we identified the complete set of genes for pigmentation formation, by de novo genome sequencing and two successive transcriptome analyses by Quartz-Seq, a highly sensitive method of RNA sequencing. In the first transcriptome analysis, we compared gene expression patterns between pigmentation areas and an unpigmented area and searched for differentially expressed genes (DEGs). In the second transcriptome analysis, we tested whether those DEGs were regulated by wingless, the master control gene for wing pigmentation.
Results

Genes expressed in the polka-dotted pattern
We compared gene expression patterns between pigmentation areas and an unpigmented area, and searched differentially expressed genes (DEGs). These areas can be distinguished by GFP label using a transgenic line which carries eGFP connected with Among them, 615 genes were upregulated both in Area 1 and Area 2 ( Fig. 2a ), while 420 genes were downregulated in Area 1 and Area 2 ( Fig. 2b) . Consistent with previously reported findings, wingless and yellow were expressed in the pigmentation areas [16, 18] , indicating the high sensitivity and accuracy of the present method of analysis. wingless and yellow were included in the 615 commonly upregulated DEGs ( Fig. 3 , Table S1 , Table   S2 ).
Pigmentation pattern-associated genes regulated by wingless
Because ectopic expression of wingless is known to induce pigmentation, genes sufficient for pigmentation formation in wings must be included in the gene network downstream of wingless. To identify the genes that are under the control of wingless, we identified genes upregulated or downregulated when wingless was ectopically expressed.
Among the 615 common upregulated (Area 1 and 2) DEGs, 78 genes were upregulated by ectopic expression of wingless ( Fig. 2a ). In 420 common downregulated (Area 1 and 2) DEGs, wingless downregulated 73 genes ( Fig. 2b ). In total, 151 genes associated with the pigmentation pattern were regulated by wingless gene. These 151 genes were blasted against the protein database of Drosophila melanogaster and 131 genes were annotated.
For these 131 genes, enrichment analysis with DAVID resulted 14 functional annotation clusters, and 6 of which were significant (Table S1 ). In the most significant cluster, Gene Ontology (GO) terms "Glycoprotein", "Plasma membrane", "Disulfide bond", "Signal peptide" and "Receptor" were included (Table 3 ). GO terms such as "cuticle pigmentation" and "melanin biosynthetic process" were included in the 3rd significant cluster. 20 genes that could not be annotated were reanalyzed with Blast2GO. Four genes were annotated and remaining 16 genes did not match to any gene in the database.
Among pigmentation pattern associated genes regulated by wingless, six genes can be categorized as melanin synthesis-related genes [21] [22] [23] . Among them, yellow, laccase2, and tan were upregulated in the pigmentation areas ( Fig. 3a , b, Table S1 , Table   S2 ) and also upregulated by wingless ( Fig. 4a , Table S4 ). yellow-e, yellow-h, and silver (svr) were downregulated both in the pigmentation areas ( Fig. 3a , b, c, d, Table S1 , Table   S2 ) and in the area where wingless was ectopically expressed ( Fig. 4a , b, Table S3 ).
Regulatory genes, such as transcription factors and genes involved in signaling pathways are important to understand the regulatory network controlling the pigmentation pattern. Six transcription factors were associated with pigmentation and regulated by wingless. Zinc-finger protein interacting with CP190 (ZIPIC), zinc finger protein 28-like, and Enhancer of split complex genes such as E(spl)m3-HLH, E(spl)m5-HLH, and E(spl)m7-HLH were upregulated in the pigmentation areas ( Fig. 3c, d , Table   S1 , Table S2 ) and by wingless ( Fig. 4b , Table S3 ). Mothers against dpp (Mad) was downregulated in the pigmentation areas and by wingless. Two signal ligands, Delta (Dl) and Wnt oncogene analog 4 (Wnt4) were upregulated in the pigmentation areas and by wingless ( Fig. 3c, d , Fig. 4b , Table S1 , Table S2 , Table S3 ). As receptors of ligands, saxophone (sax) was upregulated and frizzled 2 (fz2) was downregulated in the pigmentation areas and by wingless ( Fig. 3c, d , Fig. 4b , Table S1 , Table S2 , Table S3 ).
wingless itself was not detected in DEG analysis with ectopic wingless expression, which is reasonable in our experimental design. Our transgenic line ectopically drove the wingless gene originated from D. melanogaster [16] and its transcripts were not mapped on D. guttifera genome in the analysis.
Discussion
A large number of genes were specifically regulated in the area of pigmentation formation
Transcriptome analyses revealed that a surprisingly large number of genes were specifically regulated in the area of pigmentation formation: 78 genes were upregulated commonly in the pigmentation area and by wingless, and 73 genes were downregulated commonly in the pigmentation area and by wingless. In the butterfly Bicyclus anynana, 132 genes were upregulated and 54 genes were downregulated in relation to eye spot formation [24] . In comparison with these numbers of genes in butterflies, the number of genes identified by our results seem reasonable. However, Drosophila pigmentation has been thought to be a simple trait, and researchers have tried to explain the evolution of pigmentation by changes of expression of a small number of genes [15, [25] [26] [27] . In the abdominal tergite of Drosophila melanogaster, the combination of ebony mutation and ectopic expression of the yellow gene can induce ectopic pigmentation [28] . In D.
melanogaster wings, however, the same combination resulted in scarcely any ectopic pigmentation [15, 20] . Those findings are consistent with those of the present study, in which we found many genes that were specifically regulated in the areas of pigmentation formation. This also suggests that experimental reproduction of the gain of pigmentation patterns through overexpression of genes is not trivial.
Although ectopic expression of wingless can induce pigmentation, the intensity of induced pigmentation is weaker than that of the natural spotted pigmentation. Five hundred thirty-seven genes were upregulated and 347 genes were downregulated commonly in Area 1 and Area 2 but not regulated by wingless (Fig. 2 ). Thus, they were not essential to make pigmentation, but might have supplemental roles, or they might be unrelated to pigmentation but have a structural role unique to the pigmented area.
Known gene regulatory networks of Drosophila pigmentation were not responsible for D. guttifera wing pigmentation
Regulation of pigmentation has been studied in multiple Drosophila models.
The best-studied case was abdominal pigmentation in D. melanogaster. Male-specific pigmentation was controlled positively by Abd-B and negatively by bab genes, and pigmentation common to the two sexes was positively controlled by omb [29] . In D.
biarmipes wings, the pigmentation is controlled positively by Dll, and negatively by en [13, 15] . Neither of these genes was included in DEGs in our analysis. Thus, regulatory mechanisms of pigmentation in D. guttifera are not a simple co-option of the known gene regulatory network of pigmentation. Then, what kinds of genes are responsible for the emergence of the novel pigmentation pattern in D. guttifera?
Neural development genes and other signaling genes were co-opted for the pigmentation areas
We identified 10 regulatory genes (transcription factor genes and signaling factor genes) that were regulated by wingless in the pigmentation areas. Among them, four (Dl, E(spl)m3-HLH, E(spl)m5-HLH and E(spl)m7-HLH) genes belonged to neurogenesis genes of GO terms. Because Area 2 (vein tip) did not include any tissue of neural origin, these genes were considered to be expressed in epidermal cells, which is the only cell type present in Area 2. In wing discs of D. melanogaster, Dl and E(spl) complex genes are involved in neurogenesis mediated by Notch signaling [30] . During this process, the expression of wingless is necessary and sufficient for the expression of Dl [31] . The gene regulatory network of neurogenesis, including Dl and E(spl) complex, might be co-opted to wing pigmentation of D. guttifera, probably in relation to its regulatory gene, wingless ( Fig. 5 ).
Dpp and Hh signaling can work cooperatively or antagonistically with
Wingless signaling in various aspects of Drosophila development [32, 33] . In the present study, genes involved in Dpp signaling, saxophone (sax) and Mothers against dpp (Mad), were regulated by wingless in the pigmentation areas. hh and patched of the Hh signaling pathway were up-regulated in the area of pigmentation, but not regulated by wingless (Table S4 ). Hh signaling may play a role in the control of pigmentation by affecting Wingless signaling.
Wnt signaling genes fz2 and Wnt4 were regulated in the pigmentation areas and by wingless ( Fig. 5 ). Downregulation of fz2 in the pigmentation areas of D. guttifera might contribute to achieving the proper gradient of Wingless protein, as it is known to do in D. melanogaster wing discs [34] . Wnt4 was expressed in the area surrounding the wingless expression region in wings of D. guttifera [18] , suggesting that it might play a role in pigmentation pattern formation.
Two genes encoding zinc finger transcription factors, ZIPIC [35] and zinc finger protein 28-like, were also upregulated in the pigmentation areas and by wingless, suggesting that they may play a role in regulation of pigmentation ( Fig. 5 ).
Known functions of pigmentation genes regulated by wingless
In D. melanogaster, yellow, tan, and laccase2 are known to be effector genes for pigmentation and have been proven to promote melanin pigmentation in D.
melanogaster [20, 28, 36] . Association of these genes with melanin pigmentation patterns was also reported in other insects [22, 37, 38] . Therefore it was not surprising to detect these three genes in the present study. The svr gene encodes a carboxypeptidase and is involved in metabolism of N-acetyl dopamine (NADA) in D. melanogaster [21, 39] . As the expression of svr was downregulated in the area of pigmentation of D. guttifera, inhibiting the metabolism of NADA might contribute to wing pigmentation. Expression of Yellow family protein genes such as yellow-e and yellow-h was also downregulated in the pigmentation areas on the wings of D. guttifera, but the molecular functions of these genes have not been identified in any insect. In wings of the butterflies (Vanessa caudui and Heliconius spp.), another Yellow family protein gene, yellow-d, was upregulated at red pigmentation areas compared with black pigmentation areas [38, 40] . Our results together with these previously reported studies suggest that these Yellow protein family genes might play a role in inhibiting melanin pigmentation.
Evolutionary scenario of pigmentation pattern evolution
The genes identified in the present study, especially genes regulated by wingless, were highly likely to have been co-opted for the pigmentation formation. This raises the question: What kind of genetic change enabled the evolution of pigmentation patterns?
There is an ongoing discussion about whether a large gene circuit is recruited or many genes are individually recruited to form a circuit during the evolution of a novel trait [41, 42] . Examples of co-option of pre-existing circuits consisting of multiple regulatory genes are known from animals and plants [11, 24, [43] [44] [45] [46] . In the present case, we can ask whether the large gene network for pigmentation regulated by a master control gene, wingless, was co-opted all at the same time, or whether individual genes were co-opted one by one to form the current network. To our knowledge, there is no functional evidence of a pigmentation pattern mainly regulated by wingless in other Drosophila species.
Therefore, a "one by one model" seems reasonable to explain our experimental data. The current network could consist of multiple subnetworks. For example, the circuit of neural developmental genes (Dl, E(spl)m3-HLH, E(spl)m5-HLH and E(spl)m7-HLH) could be co-opted all at the same time from neural development to regulation of pigmentation.
Taking our findings altogether, we conclude that the novel pigmentation pattern of D. guttifera could have been caused by multi-step co-options of gene circuits, regulatory genes and effector genes. To test this scenario, we will have to compare multiple species with and without pigmentation, as well as to test individual gene functions in D. guttifera. These investigations will further our understanding of the evolution of pigmentation pattern formation in D. guttifera, as an example of the emergence of evolutionary novelties.
Materials and methods
Flies
Drosophila guttifera is a North American species that belongs to (or is closely related to) the quinaria group of subgenus Drosophila [47, 48] (Table 1 , Table 2 ). The assembly sequences had 767 scaffolds with a total length of 168 .4 Mb and a scaffold N50 length of 1.8 Mb.
Gene prediction was conducted with Augustus [52] on the scaffolds of the D. guttifera inbred line (A5). The option used in the analysis with Augustus was "--species=fly".
Collecting samples for transcriptome analysis
Pupae at stage P12 (i) or P12 (ii) were used for two successive transcriptome analyses. These stages are just after the stage when yellow expression and pigmentation process have started [53] . (Fig. S1c, d) . From dissected tissues, RNA was collected with an RNeasy Micro Kit (Qiagen) and stored at -80°C. For RNA extraction, 20 dissected tissues were used for one replicate. Five biological replicates for each area were prepared (total: 20 x 5 = 100 tissues). The quality of extracted RNA was examined with an Agilent 2100 bioanalyzer (Agilent Technology).
RNA sequencing
The library for RNA sequencing was constructed according to the protocol of Quartz-Seq, a highly sensitive method of RNA sequencing [54] . This protocol includes two PCR steps. Twenty-one cycles were performed for the first PCR, and eight cycles were performed for the second PCR. RNA sequencing was performed with NextSeq 550 (Illumina).
Transcriptome analysis and enrichment analysis
The sequenced transcriptome was mapped to the genome of D. guttifera with HISAT2 [55] . Transcriptome assembly was conducted with StringTie [56] . Differentially expressed genes were identified with edgeR [57] . An FDR (false discovery rate) of 0.05 was chosen as the threshold to identify DEGs.
DEGs were blasted against the protein database of D. melanogaster, obtained from Ensembl [58, 59] . BLAST analysis was performed with Blastx using an E-value < 1e-3. The top hit outcome for each gene was taken as the result of gene annotation. Based on the obtained gene annotation, enrichment analysis was conducted with DAVID [60] .
Genes that could not be annotated was reanalyzed with Blast2GO (database: nr, E-value 
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Fig. S1
Tissues dissected for transcriptome analyses.
Table S1
Genes differentially expressed in a pigmentation area around a campaniform sensillum.
Table S2
Genes differentially expressed in a pigmentation area at the tip of a vein.
Table S3
Genes differentially expressed in a area where wingless is ectopically expressed.
Table S4
Data of expression of hedgehog gene. Table S4 Data of expression of hedgehog gene in a pigmentation area around a campaniform sensillum, at the tip of a vein, and in a area where wingless is ectopically expressed.
